Abstract-In this paper a substrate integrated waveguide (SIW) quasi-elliptic filter with a controllable bandwidth is proposed. The quasi-elliptic filter response is caused by the cross coupling technique and a dual-mode resonance cavity. The dual-mode resonance cavity with TE 101 and TE 102 modes is used to generate the passband, and the cross coupling provides two signal transmission paths to produce transmission zeros (TZs). The bandwidth of the filter can be controlled by a pair of disturbing metallic via-holes. A quasi-elliptic filter with the center frequency of 11.03 GHz is designed, fabricated and measured. The experiment data agree well with the simulated ones.
INTRODUCTION
With the rapid development of wireless, mobile, sensing and communication systems, the demand for the selectivity of filters is getting higher and higher. Elliptic or quasi-elliptic filters gain much attention in the industry, since they have finite transmission zeros (TZs) to improve the selectivity of passband. One of the most popular ways to produce finite TZs and obtain an elliptic or quasi-elliptic filtering performance is the cross coupling technique. The substrate integrated waveguide (SIW) has been successfully employed in various filters due to the advantages of high quality factor, low insertion loss, and easy integration with planar circuits [1] . Many elliptic or quasi-elliptic filters are designed using SIW cavities [2] [3] [4] [5] . In [3] , a series of two-layer SIW elliptic filters with controllable electric and magnetic mixed coupling are proposed. Due to the mixed coupling, controllable TZs can be produced below or above the passband. A Ka-band quadruple filter with coplanar waveguide (CPW) line to implement negative cross-coupling structure is designed and discussed in [5] , and with the help of this structure, it will be easy to adjust the position of TZs by changing the length of the CPW line. In addition, a new trend of SIW application is multi-mode filters [6] [7] [8] , since multi-mode SIW filters have the advantages of sharp shirt selectivity and compact structure. In [6] a novel approach is proposed to design a class of triple-mode bandpass filters on SIW structure; the three modes are generated by complementary split-ring resonator (CSRR) and degenerate modes of an SIW rectangular cavity. This method comes up with an easy way to control the inband resonant point as well as the TZs by adjusting the position of the disturbing via-holes and the dimensions of CSRR.
In this work, an SIW quasi-elliptic filter with a controllable bandwidth is presented. The design scheme is based on the cross coupling technique and a dual-mode resonance cavity. We employ the traditional cascaded triplet (CT) topology to design a filter model as a basic model. Then, we introduce a dual-mode resonance cavity, and we can adjust the resonant point of the cavity. To generate a passband with two TZs at each side of the passband, we put a pair of disturbing metallic via-holes in the dualmode resonance cavity to compress the electric field in the cavity. The bandwidth of the filter can also be controlled by the via-holes. Besides, the location of TZs of traditional SIW cross coupling filter could be generally adjusted by changing the size of the metallic coupling windows, but in this work we could adjust the distance of the disturbing metallic via-holes and the diameters of theirs to change the location of TZs and bandwidth, which provides one more dimension to adjust the filter. According to the design scheme, a filter is simulated, fabricated and measured. The measured results and simulation data are in good agreement.
DESIGN PROCEDURE

SIW Filter with CT Topology
An SIW resonance cavity could be regarded as a capacitance-Inductance parallel resonant circuit. When signal transmits through it, the phase shift will be zero at the resonant point, whereas it become +90 • and −90 • at the lower and upper ends of the resonant frequency, respectively. Generally, the electric coupling between two resonators could be treated as a capacitance, which can cause a +90 • phase shift. As a duality, magnetic coupling can be treated as an inductance, and it can cause the phase to shift −90 • [9] .
Most TZs are realized by setting different signal transmission paths between resonators and make the multi-paths have different phases but the same magnitude at one or more frequency points [10] . Traditional CT topology filters use three resonators to generate two different signal transmission paths, which have a 180 • phase difference and lead to a TZ at the lower stopband or the upper one. A CT phase model is shown in Fig. 1 , in which R 1 , R 2 , R 3 represent the three resonators, respectively. As shown in Table 1 , the path R 1 -R 2 -R 3 and the path R 1 -R 3 have a 180 • phase difference below the resonance point, which causes a TZ at the lower stopband. In accordance with this, we use three SIW cavities to generate three resonators and design a filter, as shown in 
The three square SIW cavities are marked as R 1 , R 2 , and R 3 , respectively. The magnetic couplings between R 1 and R 2 , and the one between R 2 and R 3 are realized by the metallic coupling windows, as shown in Fig. 2 . However, the electric coupling between R 1 and R 3 is achieved by etching a pair of axisymmetric "S" shaped slots [11] on the top layer and the ground layer (not shown in Fig. 2 ), respectively. There are two transmission paths, namely R 1 -R 2 -R 3 and R 1 -R 3 . We use the CPW SIWmicrostrip line transition, as shown in Fig. 2 , to excite the feed line. The substrate has a dielectric constant of 2.2 and thickness of 0.508 mm. The simulated S-parameter of the filter is plotted in Fig. 3 .
Figure 2. Top view of the SIW filter with CT topological structure. 
As can be seen, the resonant point lies at 11.19 GHz, and only one TZ is located below the resonance at 11.02 GHz.
CT Topology Based SIW Filter with Dual-Mode Resonance Cavity
The SIW cavities discussed in Section 2.1 only use the first-order mode of cavity, namely the TE 101 mode, to realize the couplings among them. Now, we double the width of the cavity R 2 , while other parameters are fixed, as shown in Fig. 4 . Thus, it will excite the TE 102 mode at the same frequency as the one of TE 101 mode. Because the resonator R 2 use both the TE 101 and the TE 102 modes, while the resonator R 1 and R 3 only have TE 101 mode, we name R 1 and R 3 as TE 101 mode resonators, and R 2 as TE 102 mode resonator, respectively. The magnetic field distribution in the dual-mode cavity is shown in Fig. 5 . The couplings on transmission path R 1 -R 2 -R 3 are illustrated in Fig. 6 .
At the right metallic coupling window (see Fig. 4 ), the magnetic field of TE 101 mode and that of TE 102 mode are in opposite directions, which is marked by the red circle in Fig. 5 . This will cause a 180 • phase shift in the cavity R 2 and change the CT phase model, as shown in Fig. 6 . The corresponding analysis of phase is given in Table 2 . From Table 2 , we can see that the two transmission paths have a 180 • phase difference above resonance, and this will produce a TZ at the upper stopband. This is verified by the simulation data shown in Fig. 7 . Comparing Fig. 3 with Fig. 7 , we can see that the resonant point is at 11.04 GHz, and the TZ located at 11.32 GHz has shifted from left side of the resonance to the right side. We can also see, from Fig. 7 , that there is also a resonant point f TE 101 of TE 101 mode in the cavity R 2 , and a transmission zero T Z 1 is located at 8.55 GHz.
Disturbing Via-Holes
To compress field distribution of TE 101 mode [12] without affecting the TE 102 mode, we employ a pair of disturbing metallic via-holes, which are located at the place where the strength of the electric field is the greatest of TE 101 mode and weakest of TE 102 mode, as shown in Fig. 8 . This will lead to the resonant point of TE 101 becoming higher, while that of TE 102 mode is nearly unchanged.
As illustrate in Fig. 8 , when the disturbing metallic via-holes are placed at the central axis of resonance cavity R 2 , the electric field of TE 101 mode is compressed greatly, while that of TE 102 mode is nearly unaffected.
In the following, we will discuss how to make f TE 101 come close to f TE 102 to form a specific passband. The prototype of our filter is shown in Fig. 9 .
As shown in Fig. 10(a) , we can see that f TE 101 will be improved with f TE 102 almost unchanged when the disturbing metallic via-holes come to each other, i.e., S 3 increases. We can also observe that f TE 101 will shift obviously when the diameter of the via-holes, i.e., D 4 , changes. In other words, f TE 101 is improved with increasing D 4 , while f TE 102 is nearly unaffected, as shown in Fig. 10(b) . This is because the electric field of TE 102 mode is null along the central axis in cavity R 2 .
Next, we present an optimized design scheme of the proposed filter. The S-parameters is shown in Fig. 11 .
It can be observed that the center frequency of the filter is 11.01 GHz, and the 3 dB FBW is 3.6% running from 10.81 GHz to 11.21 GHz. The insertion loss is lower than 0.6 dB, and the return loss is less than −26 dB. The two TZs are at 10.69 GHz and 11.32 GHz, respectively. The 20 dB rectangular coefficient of the filter is 1.4. Table 2 . Phase of the CT with dual-mode resonance cavity shown in Fig. 4 .
path
Below resonance Above resonance The phase model can be summarized in Fig. 12 . The left TZ is produced by the phase difference between the path R 1 -R 3 and the path R 1 -R 2 (TE 101 mode)-R 3 , while the right one arises by the phase difference between the path R 1 -R 3 and the path R 1 -R 2 (TE 102 mode)-R 3 .
Controllable Bandwidth
Since the resonant frequency of TE 101 mode, i.e., f TE 101 , mainly depends on the size and the position of the disturbing via-holes. It is helpful to design a filter with desirable performance, such as the bandwidth. To this end, we can adjust the dimensions of S 3 and D 4 . The simulated results are shown in Fig. 13 . With the increase of S 3 , the bandwidth of the filter becomes narrow without changing the upper band. When D 4 increases, both the lower band and upper band will move to higher frequencies; however, improvement of the former is much larger than the latter, which also results in a narrower bandwidth.
RESULT AND DISCUSSION
To testify the proposed scheme, a filter sample has been fabricated, as demonstrated in Fig. 14. The thickness of the substrate is 0.508 mm, and the relative dielectric constant is 2.2. The dimension of Simulated S-parameters of the proposed filter with dimensions: the filter is 1.42λ g × 1.42λ g (excluding the feedlines), where λ g denotes the dielectric wavelength at the frequency of 11.03 GHz. The measured and simulated scattering parameters are depicted in Fig. 15 . Good agreement is observed. As can be seen, the measured 3 dB bandwidth runs from 10.89 GHz to 11.17 GHz, which leads to a center frequency of 11.03 GHz and 3 dB FBW of 2.5%. Within the whole passband, the measured insertion loss is lower than 1.3 dB, which includes the influence of the SMA connectors. The return loss is less than −15 dB. Two TZs are located at 10.69 GHz and 11.25 GHz.
CONCLUSION
In this paper, an SIW quasi-elliptic filter with a controllable bandwidth is proposed by combing the cross coupling with dual-mode resonance cavity theory. Owing to the traditional CT structure and the disturbing metallic via-holes in the dual-mode cavity, the SIW cavities can form a desirable passband and two TZs. As a result, the filter has a sharp stopband rejection level, high frequency-selectivity, low insertion loss and wide stopband. A sample has been fabricated and measured. The measured results are in good agreement with the simulated ones.
